Large-scale molecular dynamics simulations of tensile deformation of amorphous metals with nanocrystalline particles were performed in order to clarify the effects of particle size and crystal volume fraction on the deformation property and the strength. It was clarified that the size effects of the particle are very small, whereas the influences of the crystal volume fraction are large. Young's modulus and the flow stress become large as the crystal volume fraction increases. Even after the yielding of the amorphous phase, the stress of the crystal phase still continues to increase. Thus, the flow stress of the composite increases after yielding, which prevents plastic localization and improves the ductility. When the crystal volume fraction is small, the stress distribution is homogeneous in the particle including near the amorphous-crystal interface. Therefore, possibility of deformation is small, and insideparticle plastic deformation is negligible. When the crystal volume fraction is high, the particle undergoes plastic deformation even with small global deformation. After the yielding of the crystal particle, the flow stress decreases because defects are introduced into the crystal. It is expected that there is an ideal crystal volume fraction that gives the maximum ductility. A Lennard-Jones potential modified to enforce the continuity at the cut-off distance was used as an interatomic potential. The potential parameters were defined based on Inoue's three basic principles.
Introduction
Various amorphous metals containing nanosized crystal particles have been developed in recent years through the use of thermal treatments and modified alloy compositions (1) - (4) . It has been demonstrated that these materials have a very high fracture stress that is sometimes higher by 50% or more (5) , and they also possess excellent ductility (6) . Moreover, good magnetic properties and many other unique properties have been reported (7) .
It is considered that the important factors that significantly influence the mechanical properties of an amorphous metal with dispersed nanocrystalline particles are the crystal particle size, crystal volume fraction, and the amorphous-crystal interface strength. It has been shown that fracture stress and ductility are maximum between crystal volume fractions f = 5% and 25%, and with particle size d ≈ 5 nm for aluminum-based alloys (6) . In most cases, however, thermal treatments cause changes of the particle size and volume fraction simultaneously, and the composition of the amorphous phase near the amorphous-crystal interface is also changed by the precipitation of specific elements. Therefore, the individual effects of each internal structure factor on the mechanical properties have not been sufficiently clarified. For the development of materials and their effective application, it is important to establish the ideal crystal volume fraction and particle size, and to determine how the ductility of an amorphous metal is improved by the presence of the dispersed particles.
We performed molecular dynamics simulations (8) , (9) of tensile elongation of amorphous metals containing a crystal particle. Then the particle size and volume fraction effects on the mechanical properties were discussed with reference to the local structural changes.
Analytical Procedure

1 Molecular dynamics (MD) simulation
MD simulation is one of the most effective methods of treating atomic structure evolutions in various materials. Its range of application is rapidly expanding with the support of the recent progress of computer performance. Because the movements of each atom can be traced, MD simulation is very powerful even for the analysis of amorphous materials in which direct observations of atomic structures are extremely difficult. Thus it has been applied to a variety of research on amorphous structures (10) - (15) . In this study, we employed the Parrinello-Rahman algorithm (16) , (17) to control the external stress. However, when the Parrinello-Rahman algorithm is used, we cannot use velocity Verlet's method, which is a second-order symplectic integrator, without convergent calculation, because velocity terms appear in the calculation of acceleration. Therefore, the first-order symplectic integrator (9) was used in this study. We used the velocity scaling method for temperature control. Moreover, we employed the block separation method and link-cell method to reduce the calculation costs; the domain decomposition method was also used for parallel calculation. The three-dimensional periodic boundary condition was applied in all calculations.
2 Interatomic potential
Although numerous highly accurate interatomic potentials have been developed (18) , none of these can enssure the accuracy required for an amorphous structure and multi-element systems. In this paper, the constituent elements are not specified, and the common mechanical properties and strengthening mechanism of amorphous metal with dispersed nanocrystalline particles are studied using the modified Lennard-Jones potential φ MLJ .
Here, r is the interatomic distance, r c is the cut-off distance, and σ and ε are the potential parameters that determine the equilibrium interatomic distance and the binding energy. The second and third terms in the first equation are modification terms that were added to enforce the continuity of the energy and the interatomic force at r = r c . The equilibrium interatomic distance r 0 that gives the minimum energy between an atomic pair is calculated as r 0 = 2 1/6 σ. 
3 Potential parameters
The potential parameters in Eq. (1) were determined based on Inoue's three basic principles to generate bulk metallic glass (19) : (i) multi-element systems consisting of three or more elements, (ii) significant differences of more than 12% in atomic size ratios among the three main constituent elements, and (iii) negative heats of mixing among the three main constituent elements. In this study, we examined a three-element system made of elements a, b and c. The potential parameters are shown in Table 1 . The cut-off distance r c is about four times the radius of the largest element (r c = 0.786 nm). The mass of atom m is 1 × 10 −25 kg for element b (the relative atomic mass is about 60.2); the masses of elements a and c are then given in proportion to the atomic volume. ε = 0.6 × 10 −19 J is used for similar atoms and ε = 0.65×10 −19 J for atoms that differ. σ is averaged when the interacting atoms differ. We confirmed that the set of potential parameters satisfies the third rule, i.e., negative heats of mixing among the three main constituent elements, through a total energy evaluation, under the melting condition, by MD simulations (20) .
4 Generation process of amorphous block
Cubic blocks with an amorphous structure, we call them amorphous blocks, were numerically produced by melting-rapid quenching MD simulations (21) . The generation procedure is as follows. We performed relaxation for four differently sized crystal blocks containing the same percentage of elements a, b and c for 4 ps under constant temperature, T = 300 K. Then the crystal blocks were heated to 4 300 K and melted. After 1 ps of relaxation, the blocks were quenched to 300 K. After quenching, relaxation calculations were performed during 10 ps. Finally, we obtained four amorphous blocks with average side lengths of approximately 19.4 nm, 29.1 nm, 36.4 nm and 43.7 nm. The heating and quenching rates we used werė T = 4 × 10 14 K/s andṪ = −4 × 10 14 K/s, respectively. The glass transition temperature and melting point of the amorphous blocks were approximately 1 400 K and 2 800 K.
5 Fabrication of amorphous model with dispersed nanocrystalline particles
Amorphous blocks containing one spherical crystal particle with a face-centered cubic (fcc) structure at the center were analyzed. We used the following process for Table 2 Simulation conditions our analytical model (see Fig. 1 and Table 2 ).
5. 1 Introduction of crystal particle
Our earlier MD simulation of crystallization in amorphous metal confirmed that the nanocrystalline particles formed in the amorphous phase rarely contain defects (12) . Therefore, in this study, a spherical area with radius R was cut out from each amorphous block, and then a crystal particle made of element b was introduced into the hollowed area. Although various atomic compositions can be considered, we used the fcc structure made of element b for simplicity. The crystal orientation of the particle was set to be the {111}-plane in x = y and the < 110 >-direction to x = y (the coordinate system is shown in the lower left in Fig. 2 ). This crystal orientation easily undergoes sliding deformation.
5. 2 Elimination of too-close atomic pairs
Since the crystal particles were artificially introduced into the amorphous blocks, the interatomic distance between some of the atomic pairs near the amorphous-crystal interface was too short. Therefore, one atom of each atomic pair whose distance was shorter than 0.73 times the equilibrium interatomic distance r 0 was randomly removed. If the density around the interface is too high or low, amorphous and crystal phases oscillate conjunctionally for the initial discordance of the stress distribution around the interface. Although vibrations of the simulation cell can easily be removed by adopting an Table 3 Sizes of simulation models attenuation coefficient, it is difficult to remove the internal oscillation and the initial stress distribution. The critical value for elimination (0.73) was obtained by trial and error.
5. 3 Relaxation and tensile deformation simulation
The relaxations were performed for 20 ps under the constant tensile stressσ xx =σ yy =σ zz = −0.1 MPa and constant temperature T = 300 K. The loading simulations were then performed by stretching cell length L y at strain rateε yy under constant stressσ xx =σ zz = −0.1 MPa. Here, the rate of true strain was used as the strain rate. The time step ∆t was set to be 2 fs, and the mass of the virtual wall, M, used for stress control was set to be 2 × 10 −25 kg.
During loading simulations, the coordinates, stress components, and potential energy, which were averaged for each atom during 0.2 ps, were recorded every 4 ps for detailed data analysis.
6 Calculation conditions and sizes of simulation models
The model sizes are provided in Table 3 ; N is the number of atoms in the simulation cell, while N cry and N amo are the numbers of atoms in the crystal and in the amorphous phase at the initial state. L is the average edge length after the relaxation. When we determine the particle size and volume fraction, we took into consideration the fact that, for real materials, the size of the crystal particle is usually 3 to 50 nm and the volume fraction is 5 to 40%. Models B and C have the same particle size but different crystal volume fractions, as do Models D, E and F. On the other hand, Models A, C and F have the same crystal volume fraction but different particle sizes, as do Models B, D and G. As mentioned above, the simulation models were defined such that the effects of particle size and volume fraction can be discussed separately. Model H contains no crystal phase. Since element b was used for the crystal particle, the atomic fraction of element b increases as the crystal volume fraction increases. The atomic fraction of element b in the amorphous phase should be decreased in order to rigorously compare the particle size and volume fraction effects on the mechanical properties under the same composition. However, element b has intermediate properties between those of elements a and c; thus we consider that the effect of increasing atomic fraction of element b is small. We also confirmed that the stress-strain curve of the amorphous block composed of elements a and c is very close to that for the threecomponent amorphous block. In order to understand the strain rate effects, the loading simulations were performed using two strain rates,ε yy = 2 × 10 9 and 2 × 10 8 1/s, for Models A and B that contains smaller numbers of atoms. The strain rate for the others was onlyε yy = 2 × 10 9 1/s. In the following section, if necessary, the cell size L, the particle radius R, and the crystal volume fraction f are added to the model name. For example, Model A, which has L ≈ 19.4 nm, R ≈ 5.6 nm and f ≈ 10%, will be referred to as A(L19R6f10). Figure 3 (a) and (b) respectively shows the stressstrain curves for simulation models that have the crystal volume fractions f ≈ 10 and 34%. We used nominal strain and true stress for stress-strain curves. It is clear that the size effects are very small under the calculated conditions. For the models with lower crystal volume fractions ( Fig. 3 (a) ), a slight stress overshoot is visible around the yield point, ε yy ≈ 0.05, and the stress becomes almost constant for ε yy > 0.1. For the models with higher volume fractions (Fig. 3 (b) ), oscillation is apparent for ε yy > 0.2. This is because the crystal particle is deformed, as shown in the following sections. Figure 3 (c) displays the stressstrain curves for models with R ≈ 12.6 nm. Young's modulus of the composite increases as the volume fraction increases because the crystal phase has a higher Young's modulus than the amorphous phase. The effective Young's modulus (22) , which is obtained from the angle average of the elastic tensor, of the crystal is about 198 GPa, and Young's modulus of the amorphous block is about 64 GPa. The yield stress also notably increases with the increase in volume fraction. It is demonstrated that the dispersion of nanocrystalline particles significantly enhances the yield stress of amorphous. As expected from Fig. 3 (a) and (b), the dependence of the stress-strain curve on the volume fraction is almost the same for the different particle sizes. Figure 3 (d) and (e) presents the stress-strain curves for F(L43R12f10) and G(L43R19f34), respectively. In the figures, average stresses in the amorphous and crystal phase are also respectively shown by chained and dotted lines. Since crystal growth was not confirmed during the elongation, the average stresses in amorphous and crystal phases are calculated using the atoms initially contained in each phase. When the crystal volume fraction is low ( f ≈ 10%), the stress-strain curve of the crystal phase bends sharply after yielding in the amorphous phase, and then the stress slightly increases, as shown by the solid arrow ( Fig. 3 (d) ). However, the stress-strain curve of the composite is close to the curve of the amorphous phase because the volume fraction is low. On the contrary, when the crystal volume fraction is high ( f ≈ 34%), the stress of the crystal phase gradually increases until ε yy ≈ 0.2, as shown by the solid arrow in Fig. 3 (e) , although the amorphous phase yields at approximately ε yy = 0.05, and the slope is larger than that of the lower volume fraction case. The stress of the crystal phase reaches more than double that of the amorphous phase. In the figure, the yielding strain of the crystal phase is indicated by the dotted line. After yielding in the crystal phase, the stress decreases gradually with oscillation, as shown by the dotted arrow. The stress-strain curves of A(L19R6f10) and B(L19R6f34) for the slower strain rateε yy = 2×10 8 1/s are presented in Fig. 3 (f) and (g), respectively. The results until ε yy = 0.3 are shown in these figures. As the strain rate decreases by one order, the stress overshoot in the vicinity of the yield point of the amorphous phase, indicated by circles in Fig. 3 (d) and (e), almost disappears. On the other hand, the amount of stress increase after the yielding of the amorphous phase becomes more notable, as indicated by solid arrows in Fig. 3 (f) and (g) . Therefore, the stress increase of the composite is clearly confirmed until ε yy ≈ 0.15 for the higher volume fraction case (see thick arrow in Fig. 3 (g) ). This result indicates that the dispersed nanocrystalline particles can improve ductility, because strain hardening prevents deformation localization. The stress-strain curve is considerably different from the shape of stress-strain curves of amorphous metals without crystal particles and that of nanocrystalline metals that have poor tensile elongation. When the crystal volume fraction is too high, although the large stress increase of the crystal phase can be expected, the amount of strain before the beginning of inside-particle deformation becomes small. In other words, the dotted lines, that indicate the yielding strain of the crystal phase, in Fig. 3 (e) and (g), move left as the crystal volume fraction increases. Therefore, be- cause of a trade-off between the increase in slope and the decrease in strain before the deformation of the particle, there is an optimum crystal volume fraction which gives the maximum elongation. Figure 3 (g) shows the relationship between Young's modulus E and the volume fraction f . Young's modulus was estimated from the slope of the stress-strain curve in the range of 0 < ε yy < 0.001. The increasing rate of Young's modulus dE/d f increases as the crystal volume fraction increases, rather than being in a direct proportional relationship. This relationship is very similar to the result obtained by the equivalent inclusion method which is valid for estimating the mechanical properties of particle-dispersed composites (23) - (26) . Figure 3 (i) presents the relationship between the flow stress σ f and volume fraction f . The flow stresses were obtained from the average stress in the range of ε yy > 0.1. In the figure, the average flow stresses in the crystal and amorphous phases are also shown. The flow stress in the amorphous phase is almost independent of the crystal volume fraction. It is considered that the slight increase in the flow stress of the amorphous phase is attributed to the strain rate increase as a result of the volume fraction decrease of the amorphous phase. On the contrary, the flow stress in the crystal phase significantly increases as the crystal volume fraction increases. The enforcement of the flow stress of the composite with the volume fraction increase results from the stress increases in the crystal phase and the increase of its fraction. The flow stress of the composite (g) B(L19R6f34)(ε yy = 2 × 10 8 1/s) (h) Relationship between f and E (i) Relationship between f and σ f Fig. 3 (a) and (b) Stress-strain relationships of the composites with the same volume fraction and different particle radius; (c) influence of the crystal volume fraction with constant size of the crystal particle; (d) and (e) stress-strain relationships of amorphous phase, crystal phase and average body for Models F and G, respectively, for fast strain ratė ε yy = 2 × 10 9 1/s; (f) and (g) stress-strain relationships of Models A and B, respectively, for slow strain rateε yy = 2 × 10 8 1/s; (h) relationship between volume fraction f and Young's modulus E; and (i) relationship between f and flow stress σ f with the highest crystal volume fraction ( f ≈ 34%) is about 44% higher than that of the amorphous. The crystal particle undergoes plastic deformations, hence it is thought that the increase of dσ f /d f can no longer be expected for higher volume fractions.
Results and Discussion
1 Comparison of stress-strain curves
(a) f ≈ 10% (b) f ≈ 34% (c) R ≈ 12.6 nm (d) F(L43R12f10)(ε yy = 2 × 10 9 1/s)
2 Evolution of stress distribution
The equivalent stress distributions in the cross section z = L z /2 are displayed in Fig. 4 . The white and black areas respectively mean that the equivalent stress is 0 and higher than 6.8 GPa. The result for the sample with low crystal volume fraction, F(L43R12f10), is shown in Fig. 4 (i) , and that for the high crystal volume fraction, G(L43R19f34), is shown in Fig. 4 (ii). The stress distribution in the crystal particle is almost homogeneous even when ε yy = 0.34. Moreover, local stress concentrations cannot be confirmed near the amorphous-crystal interface. This is because the amorphous phase undergoes easily local structure relaxations compared with the crystal phase. Therefore, the possibility of inducing deformation is small, and the inside-particle plastic deformation is rare. This is different from nanosized polycrystalline materials that undergo grain deformation from originally contained stress concentration zones such as the triple junction of grain boundaries. On the contrary, when the crystal volume fraction is high (Fig. 4 (ii) ), although the stress distribution in the particle is almost uniform in the elastic range (Fig. 4 (ii)(a) ), it becomes inhomogeneous after the yielding in the amorphous phase (Fig. 4 (ii)(b) ). The stress distribution in the particle becomes significant after further deformation (Fig. 4 (ii)(c) ), and then inside-particle plastic deformation begins. This is because, as deformation of the amorphous block advances, the amorphous layers between neighboring particles become thin and the neighboring particle distance becomes very short, resulting in stress concentration around the proximal point of particles. Debonding at the amorphous-crystal interface was not confirmed even after large deformation. Figure 5 shows the defect distribution in the crystal particle. The local structures were analyzed by common Fig. 4 Equivalent stress distribution in the cross section z = L z /2. The stress was evaluated using the weighted function scheme (27) neighbor analysis (CNA) (28) . The gray atoms have the hcp structure, and the black atoms have structures other than hcp and fcc. The figures show only z < L z /2 of the crystal particle. Figure 5 (i) and (ii) respectively presents results for the low crystal volume fraction case, F(L43R12f10), and the high crystal volume fraction case, D(L29R12f34). The particle size is the same in both cases. While the crystal orientation that we chose easily causes deformation, no inside-particle structure changes are confirmed for the lower crystal volume fraction case (Fig. 5 (i) ). When the crystal volume fraction is high (Fig. 5 (ii) ), the particle deformation begins from the sides of particle for the stress concentration that was described in the previous section. The partial-dislocation-based deformation mechanism is dominant because the particle size is very small. Many stacking faults are introduced into the particle, and they cross each other (Fig. 5 (ii)(c) ). It is considered that the stress decrease after particle yielding may become more obvious for the materials that have a larger energy difference between the hcp and fcc structures. It is also clarified that the partial dislocations are not stored in the particle but rapidly across the amorphous-crystal interface.
3 Internal structure change in crystal phase
Conclusion
We performed tensile elongation simulations of amorphous metal containing a crystal particle by the molecular dynamics method. The following knowledge was acquired.
1 Particle size effects on mechanical properties
The influence of particle size on the flow stress is very small under the analyzed conditions, i.e. crystal volume fraction f < 35%, particle radius 5 < R < 20 nm, tensile 5 Defect distribution in the crystal particle: The local structures were analyzed by common neighbor analysis (CNA). The gray atoms have the hcp structure, and the dark atoms have a structure other than hcp and fcc strain ε yy < 0.5, and unweakened amorphous-crystal interface. Therefore, the optimization of the particle size is not important in the development of amorphous metals with dispersed nanocrystalline particles, and the particle size is a secondary factor in the control of other factors such as atomic composition around the interface. Nonetheless, it must be noted that the probability of stable defects existing in the particle increases as the particle size increases, and that such defects assist the initiation of deformation of the crystal phase.
2 Crystal volume fraction effects on mechanical properties
The flow stress and Young's modulus increase as crystal volume fraction increases in the range of f < 35%. When the crystal volume fraction is low or the amount of deformation is small, the interactions between particles are weak. Hence the stress distribution is homogeneous in the particle including near the amorphous-crystal interface, and the initiation of deformation is difficult. When the crystal volume fraction is high, the global stress increases even after the yielding of the amorphous phase. However, when the crystal volume fraction is too high, the particles undergo plastic deformation even with small global deformation, and deformation resistance decreases after the yielding of the particles. This is because the inside-particle distance becomes too short for the deformation of the amorphous phase, and defects are introduced into the crystal. Hence, it is expected that an ideal crystal volume fraction which gives the maximum elongation exists.
